Human pancreatic a-amylase~HPA! was expressed in the methylotrophic yeast Pichia pastoris and two mutants D197A and D197N! of a completely conserved active site carboxylic acid were generated. All recombinant proteins were shown by electrospray ionization mass spectrometry~ESI-MS! to be glycosylated and the site of attachment was shown to be Asn461 by peptide mapping in conjunction with ESI-MS. Treatment of these proteins with endoglycosidase F demonstrated that they contained a single N-linked oligosaccharide and yielded a protein product with a single N-acetyl glucosamine~GlcNAc!, which could be crystallized. Solution of the crystal structure to a resolution of 2.0 Å confirmed the location of the glycosyl group as Asn461 and showed that the recombinant protein had essentially the same conformation as the native enzyme. The kinetic parameters of the glycosylated and deglycosylated wild-type proteins were the same while the k cat 0K m values for D197A and D197N were 10 6 -10 7 times lower than the wild-type enzyme. The decreased k cat 0K m values for the mutants confirm that D197 plays a crucial role in the hydrolytic activity of HPA, presumably as the catalytic nucleophile.
a-Amylases~a 1-4 glucan 4-glucanohydrolase, EC 3.2.1.1! catalyze the hydrolysis of a~1-4! glycosidic linkages of starch and are widely distributed in nature, being found in bacteria, plants, and animals. a-Amylases are members of glycosyl hydrolase family 13 as classified by Henrissat~Henrissat, 1991; Henrissat et al., 1995; Henrissat & Davies, 1997 !. Family 13 enzymes perform a wide range of reactions including hydrolysis, transglycosylation, cyclization, and disproportionation and act on a range of substrates including those with a~1-4!, a~1-6!, or a~1,1! glycosidic bonds. Members of this family share a similar global polypeptide folding pattern, and exhibit strong sequence homology in four small regions of their active sites~Nakajima et al., 1986!.
Human pancreatic a-amylase~HPA! is a 56 kDa protein consisting of 496 amino acids in a single polypeptide chain, which is known to fold into three domains~Brayer et al., 1995!. Domain A is a~b0a! 8 barrel that binds an allosteric chloride ion. The putative active site is a "V"-shaped cleft at the C-terminal end of the~b0a! 8 barrel. Domain B is located between the third b-strand and the helix of the first domain. This domain binds a calcium ion and appears to be necessary for the structural stability of an active site loop~Buisson et al., 1987!. Domain C, the putative starch-binding domain, is an eight-stranded b-sheet domain at the C-terminal end of the enzyme.
HPA hydrolyzes a~1-4! glucosidic linkages with retention of configuration at the sugar anomeric center~Braun et al., 1993!. Hydrolysis is thought to proceed via a double displacement reaction with general acid catalyzed formation of a b-d-glycopyranosylenzyme intermediate followed by general base catalyzed hydrolysis of this intermediate. The enzymic nucleophile and acid0base catalyst have been shown to be carboxylic acids in almost all glycosidases studied~Sinnott, 1990; McCarter & Withers, 1994; Withers & Aebersold, 1995 !. The catalytic nucleophile has been identified in a number of cases by trapping the glycosyl-enzyme intermediate and identifying the glycosylated peptide in proteolytic digests. For example, the active site nucleophile of yeast a-glucosidase was identified as D214 by covalently labeling the enzyme using the mechanism-based inactivator 5-fluoro-a-d-glucosyl fluoride and analyzing peptic digests thereof by LC-MS0MS~McCarter & Withers, 1996 !. The structures of several a-amylases~Aspergillus oryzaẽ Swift et al., 1991 !, Aspergillus niger~Brady et al., 1991 !, Bacillus licheniformis~Suzuki et al., 1990 !, barley~Kadziola et al., 1994 !, porcine pancreatic~Buisson et al., 1987 !, human salivary~Rama-subbu et al., 1996 !, and human pancreatic~Brayer et al., 1995 !! have been determined, including several structures with bound inhibitors or substrate analogs~Qian et al., 1994 , 1997 Wiegand et al., 1995; Bompard-Gilles et al., 1996; Brzozowski & Davies, 1997 !. All of these structures show a cluster of three carboxylic acids in the active site~D197, E233, D300-HPA numbering! appropriately positioned to play key roles in hydrolysis.
Because human pancreatic a-amylase plays a crucial role in the digestion of dietary starch, inhibition of its activity has potential therapeutic value in the treatment of diseases such as diabetes or obesity. Indeed, the natural inhibitor Acarbose~Bayer, Montréal, Quebec, Canada! is effective in reducing post-prandial blood glucose levels and is now commercially available for the control of diabetes~Reaven et al., 1990; Matsuo et al., 1992; Ledermann & Hoxter, 1994; Noda et al., 1997!. Detailed knowledge of the catalytic mechanism of HPA is essential for the rational design of new drugs to combat these diseases further.
As part of a study of the roles of the three carboxylic acids in the catalytic mechanism of HPA, we report in this paper the expression, purification, and functional characterization of human pancreatic a-amylase and the two mutants D197A and D197N expressed in Pichia pastoris. After enzymatic deglycosylation, the Pichiaderived human amylase was crystallized in space group P2 1 2 1 2 1 , and the structure determined to 2.0 Å resolution.
Results

Cloning, mutagenesis, and expression of a-amylase in P. pastoris
A human a-amylase cDNA was cloned from human pancreatic mRNA by using a reverse transcriptase-PCR approach. The cDNA sequence was identical to the sequence of human a-amylase reported previously~Nishide et al., 1986! indicating that no mutations had been introduced during the cloning steps. The 59 region of the amylase cDNA was then modified by in vitro mutagenesis using primers AMY-15 and AMY-16~Table 1! to allow the subsequent insertion of the cDNA into the NotI site of pPIC9. The final expression vector directed the secretion of an a-factor0 human a-amylase fusion protein that is proteolytically processed during secretion from the yeast. After linearizing with AatII and BsaI, the expression vector was used to transform spheroplasts of P. pastoris strain GS115. Mutant forms of a-amylase were produced by using the same strategy. As judged by SDS-PAGE, the recombinant a-amylase represented the only protein in the culture medium, and was present at about 20 mg0L.
Structure and glycosylation site
Despite obtaining the recombinant enzymes in modest quantities, crystallization was unsuccessful under a broad range of conditions, including the conditions used for the native enzyme~Brayer et al., 1995!. Since P. pastoris is known to glycosylate foreign proteins heterogeneously, and in some cases glycosylation is known to interfere with crystallization~Liu et al., 1996; Nersissian et al., 1996; Linnevers et al., 1997!, it seemed likely that the recombinant a-amylase was glycosylated. Glycosylation was consistent with the presence of a doublet that migrated within about 5 kDa of each other when analyzed by Coomassie-stained SDS-PAGE and Western blots. These two bands were present in all preparations of the Trimble et al., 1991; Cregg et al., 1993; Juge et al., 1996!. Since N-linked glycosylation occurs at a consensus sequence~Asn-X-Ser~Thr!, where -X-is any residue except proline! while O-linked glycosylation does not, we first looked for evidence of N-linked glycosylation. Human pancreatic a-amylase has two potential sites for N-glycosylation, Asn412 and Asn461; both of these residues are located on the surface of domain C~Brayer et al., 1995!. Deglycosylation with endoglycosidase F, an enzyme that hydrolyzes the GlcNAc b~1-4! GlcNAc glycosidic bond of N-linked high mannosyl groups, resulted in an a-amylase with a mass of 56,088 Da~Fig. 1B!. This corresponds to the native enzyme with a single GlcNAc present therefore indicating a single N-linked glycosylation site and no O-linked sugars. These data also confirm that recombinant amylase is heterogeneously N-glycosylated containing, at most, a single N-linked oligosaccharide chain likely ranging from Man 8 GlcNAc 2 to Man 11 GlcNAc 2~G rinna & Tschopp, 1989; Cregg et al., 1993!. Samples of untreated and endoglycosidase F-treated recombinant HPA were then denatured with urea, reduced with dithiothreitol~DTT! and their cysteine residues derivatized with iodoacetamide prior to tryptic digestion. A comparison of tryptic digest maps for the two HPA samples revealed a peptide of m0z 1,028.5 amu seen only in the treated sample. By Edman degradation, the peptide was shown to have the apparent sequence EDVISGDKINGDETGIK. The nearest HPA sequence to this was CDVISGDKINGNCTGIK. The obvious differences between the two sequences~Glu instead of Cys, and Asp461 replacing Asn461! were a result of the acetamidation of the cysteines yielding a residue for which the PTH derivative chromatographs like Glu, and the presence of the GlcNAc on Asn461 again modifying the chromatographic behavior. This strongly suggested that the glycosylated residue in the recombinant amylase was Asn461.
Upon deglycosylation with endoglycosidase F, we were then able to crystallize the recombinant amylase under the same conditions and in the same space group as the native enzyme~Brayer et al., 1995!. However, despite this the unit cell dimensions for the recombinant enzyme differed~Table 2! as did the packing of the molecules in the unit cell. These differences appear to be due to the glycosylation of Asn461. As Figure 2 shows, there is well-defined electron density off the amide nitrogen of Asn461, which fits a GlcNAc sugar residue. No other sites of glycosylation were evident from electron density maps.
Although somewhat different crystal packing arrangements were observed, the folds of the recombinant and native HPA's are comparable with an overall average main-chain deviation of 0.22 Å Fig. 3 !. The largest differences occur at residues 304-308, which form a flexible loop near the active site and may be involved in substrate binding. In the structures of both the native and recombinant proteins, these residues have high thermal factors indicating significant polypeptide chain mobility. The next largest differences occur near the glycosylation site at Asn461, which is part of a surface loop region. Both areas of conformational differences are A B Fig. 1 . Electrospray mass spectra of recombinant human pancreatic a-amylase expressed in the yeast P. pastoris. The protein is expressed as a heterogeneously glycosylated product~A! possessing up to 13 sugar residues. After hydrolysis with endoglycosidase F~B! the recombinant a-amylase has a mass indicative of the presence of only one sugar residue~GlcNAc!. 
Human pancreatic a-amylase expressed in Pichia pastoris
probably the result of mobile loops adapting to a new crystal packing arrangement. The conformational similarity between the recombinant and native proteins extends to both the chloride and calcium binding sites, as well as the active site region~Fig. 4!. The largest active site conformation difference is an approximate 0.3 Å shift in a water molecule bound to Asp197 OD1~Fig. 4!.
Kinetic characterization
The kinetic parameters k cat and K m for the recombinant a-amylase and the D197A, and D197N mutants were determined using the substrate a-maltotriosyl fluoride~aG3F!~Table 3!. Glycosylation did not appear to influence the activity of HPA, as the specificity constant k cat 0K m for aG3F was essentially unchanged upon degly- cosylation. The specificity constants for the D197A and D197N mutants were both 10 6 -10 7 times lower than that of the wild-type enzyme. The dramatic decrease in specificity constants for the mutants is due in large part to the drastic reduction of the k cat values, since the K m values change little with aG3F when compared to wild-type enzyme.
Discussion
Although the native HPA is known to exist in several forms resulting from differential modification~including glycosylation! of the proteins produced from two different alleles~Zakowski & Bruns, 1985!, the determination of the three-dimensional structure of this enzyme showed no evidence of glycosylation~Brayer et al., 1995!. This may, however, be a consequence of selective crystallization of the nonglycosylated form of the protein. Our inability to crystallize the fully glycosylated P. pastoris-produced enzymes is certainly consistent with that interpretation, as was the ready crystallization upon removal of all but the GlcNAc residue. Upon initial investigation, it was surprising that glycosylation of the recombinant protein occurs at Asn461~consensus sequence NCT! and not Asn412~consensus sequence NGS! since both residues occur in surface loops and contain consensus sequences that allow for high core-glycosylation efficiency~Shakin-Eshleman et al., 1996!. Indeed, comparison of the folds of the loops involved would appear to favor glycosylation at Asn412 since this residue is part of an Asx turn, which has been shown to strongly favor N-glycosylatioñ Imperiali, 1997!. In contrast, the loop containing Asn461 is not part of either an Asx or a b-turn. Furthermore, the cysteine at the -X-position of the Asn461 NCT consensus sequence is involved in a disulfide bond with Cys450. While the presence of a disulfide bond does not exclude glycosylation, it has been suggested that this is the reason why N-glycosylation is not commonly seen at consensus sequences with cysteine at the -X-position~Shakin-Eshleman et al., 1996!. A major factor in the lack of glycosylation at Asn412 may be the strong hydrogen bond formed between the side-chain amide of this residue and Asp432. In contrast, the glycosylated side chain of Asn461 is found to be highly solvent accessible in native HPA.
Deglycosylation of the recombinant HPA was crucial for successful crystallization of this protein for structural studies. Follow-up analyses indicate that the packing observed between molecules in the crystal lattice would be impossible in the presence of bulky glycosyl groups~10-13 sugar residues!. The heterogeneous nature of the glycosylation would also be detrimental to crystallization. Endoglycosidase F digestion appears to completely remove all glycosyl residues except the amide-bound GlcNAc, resolving this problem. In addition, the removal of protein heterogeneity also greatly enhanced the intensity of the ESI-MS signal~Fig. 1!. Enzymes in the amylase family contain four short regions of strong sequence similarity, and several residues within these regions are completely conserved throughout all members of this family~Hen-rissat & Davies, 1997!. Notable among these are the three active site carboxylic acids D197, E233, D300-HPA numbering. Several members of this family, including yeast a-glucosidase~McCarter & Withers, 1996!, glycogen debranching enzyme~Braun et al., 1996!, and the E257A variant of cyclodextrin glucanotransferase~acid0 base catalyst mutant!~Mosi et al., 1997! have had their nucleophilic residues labeled using mechanism-based trapping agents. In all three cases, sequence alignment has shown that the nucleophilic residue corresponded to Asp197 of HPA.
In 5 -10 6 fold lower than that of the wild-type enzyme. This dramatic loss of activity supports the hypothesis that Asp197 functions as the enzymic nucleophile.
In conclusion, human pancreatic a-amylase has been successfully cloned, expressed, and purified from P. pastoris. Combined with kinetic analyses and the ability to crystallize recombinant wild-type and mutant proteins, several avenues of research become available by which to gain further insight into the mechanistic roles of active site residues of HPA. Such studies have the potential to establish mechanism-based inhibitors of potential therapeutic value in the future.
Materials and methods
General procedures
All buffer chemicals and other reagents were obtained from Sigma Chemical Company~St. Louis, Missouri! unless otherwise noted. All chromatographic resins were purchased from Pharmacia~Baie d'Urfé, Quebec, Canada!. Endoglycosidase F was obtained from Boehringer Mannheim~Laval, Quebec, Canada! and an endoglycosidase F-cellulose binding domain fusion protein~endoF-CBD! was a generous gift from Dr. R.A.J. Warren~Department of Microbiology, University of British Columbia!. Synthesis of the substrate aG3F has been described previously~Hayashi et al., 1984!. All oligodeoxyribonucleotides used in this study were synthesized on an Applied Biosystems~Foster City, California! Model 391 DNA Synthesizer; the oligonucleotide sequences are given in Table 1 .
Cloning, expression, and mutagenesis
A sample of human pancreas was supplied by Dr. D.B.C. Ritchiẽ Department of Medicine, University of Alberta!. Total RNA was isolated by using the guanidinium thiocyanate method~Chom-czynski & Sacchi, 1987!. After denaturation with methyl mercury hydroxide, cDNA was synthesized using oligo AMY-1~Table 1! as a primer with Superscript~Life Technologies, Burlington, Ontario! using conditions recommended by the supplier. The cDNA was then used as a template for PCR amplification of amylase cDNA using oligos AMY-1 and AMY-2~Table 1! as primers and Taq polymerase prepared in this laboratory~Desai & Pfaffle, 1995!. Thirty cycles of PCR were performed with a denaturation step at 94 8C for 1 min, an annealing step at 47 8C for 1 min and an extension step at 72 8C for 1.5 min. The PCR amplified a-amylase cDNA was cloned into the Sma-I site of BlueScript KS ϩ~S tratagene, La Jolla, California! using the Sma-I sites in the PCR primers, and transformed into E. coli strain DH5a-F9. To ensure the absence of mutations introduced during the PCR step, the complete nucleotide sequence of the a-amylase cDNA was determined on both strands using the specific sequencing primers AMY-3 to AMY-12 listed in Table 1 ; the sequence was in complete agreement with the corrected sequence of pancreatic a-amylase cDNA~Nishide et al., 1986!.
Oligonucleotide-directed mutagenesis of Asp197 was performed by using a PCR-based procedure~Nelson & Long, 1989! and Bluescript-specific flanking oligonucleotides. Mutagenesis was performed on a 230 bp EcoRV-PstI fragment of a-amylase cloned into Bluescript, by using either oligonucleotide AMY-13 or AMY-14 as the mutagenic primer. After mutagenesis, the presence of the desired mutation and the absence of PCR-induced errors were confirmed by DNA sequence analysis, and the fragment was religated into the original a-amylase cDNA prior to introduction into the expression vector.
Recombinant a-amylase and mutant forms were expressed in P. pastoris using pPIC9~InVitrogen Corp., Carlsbad, California! and protocols recommended by the supplier. Wild-type amylase was purified from the culture medium by precipitation with ethanol~40%! followed by adsorption to glycogen~1 mg glycogen per 100 Units activity!~Schramm & Loyter, 1966!. After stirring for 10 min at 4 8C, the precipitate was collected by centrifugation~13,000 ϫ g, 5 min, 4 8C!. The resulting small white pellet was dissolved in 30 mL of 20 mM phosphate buffer containing 25 mM NaCl, pH 6.9, and incubated overnight at room temperature to allow complete digestion of the glycogen. After dialysis against 100 mM potassium phosphate, pH 7.4, the sample was adjusted to 0.5 M NaCl and loaded onto a column~3 cm ϫ 2 cm! of Phenyl-Sepharose CL-4B~Pharmacia! equilibrated in 100 mM phosphate buffer pH 7.4. The bound a-amylase was eluted with distilled water, and was pure as judged by SDS-PAGE.
Because saccharogenic assays of the crude mutant proteins indicated that they had very low activity, the affinity precipitation with glycogen could not be used. Instead, the culture medium was adjusted to pH 7.0 with NaOH and filtered through a 0.45 mm membrane~Gelman, Montréal, Quebec, Canada!. The filtrate was then loaded onto a Phenyl-Sepharose CL-4B column~3 cmϫ2 cm! equilibrated in 100 mM potassium phosphate buffer pH 7.0. After washing with 100 mM phosphate buffer pH 7.0, the bound protein was eluted with distilled water. The eluant was concentrated using an Amicon stirred cell concentrator and the buffer was adjusted to 20 mM potassium phosphate pH 6.9 containing 25 mM NaCl before being subjected to ion exchange chromatography on a column~2 cm ϫ 1 cm! of Q-Sepharose~Pharmacia! equilibrated in 20 mM phosphate buffer containing 25 mM NaCl, pH 6.9. The a-amylase obtained from the flow-through was Ͼ99% pure as determined by SDS-PAGE.
Deglycosylation
Deglycosylation was performed in different trials using endoglycosidase F from two different sources. Prior to Phenyl-Sepharose chromatography, endoglycosidase F~20 mL, 0.05 U0mL, Boehringer Mannheim! was added to a sample of a-amylase~100 mL, 0.1 mg0mL in 100 mM phosphate buffer pH 7.4!. Digestion was carried out overnight at room temperature, or for 4 h at 37 8C. The amylase purification was then completed as described above. Alternatively, endoF-CBD~10 mL, 0.5 U0mL,! was added to a solution of purified a-amylase~20 mL, 2 mg0mL, 50 mM phosphate buffer pH 7.4 containing 25 mM NaCl! and the solution was incubated at 37 8C for 4 h or at room temperature overnight. Deglycosylation was confirmed by SDS-PAGE before cellulose~0.5 g! was added to the solution. This suspension was gently mixed for 5 min before centrifugation~3,500 ϫ g, 5 min!. As determined by SDS-PAGE and ESI-MS, the supernatant contained only deglycosylated a-amylase.
Determination of glycosylation site by mass spectrometry
Samples of both untreated and endo F-treated HPA~900 mL, 1.2 mg0 mL! were precipitated for 30 min on ice after addition of 100 mL of 100% TCA. The resulting precipitates were collected by centrifugation~5 min, 8,000 g!, washed several times with cold acetone, and dried. The powders were each resuspended in 200 mL of 8 M urea containing 0.4 M NH 4 HCO 3 to which 20 mL of 45 mM DTT was added. After incubation at 50 8C for 15 min, the mixture was cooled to room temperature, iodoacetamide~20 mL, 100 mM! added, and incubation continued for 30 min at room temperature. The mixture was diluted with 560 mL of distilled water, and an aliquot~200 mL! digested with trypsin~5% w0w! at 30 8C overnight. The reaction was terminated by freezing the solution. The tryptic digest was analyzed by LC-MS~conditions described below! and the tryptic maps of the glycosylated and endoglycosidase F treated amylases were compared. A peptide appearing in the endoglycosidase F-treated sample but not in the untreated sample was isolated, and its sequence was determined by Edman degradation.
Mass determination
The mass determinations of the recombinant proteins and tryptic digests before and after endoglycosidase F-treatment were performed on a PE-Sciex API 300 triple quadrupole mass spectrometer~Sciex, Thornhill, Ontario, Canada! equipped with an Ionspray ion source. Protein was loaded onto a C18 column~Reliasil, 1 ϫ 150 mm! equilibrated with solvent A~solvent A: 0.05% trifluoroacetic acid~TFA!, 2% acetonitrile in water!. Elution of the peptides was accomplished using a gradient~0-60%! of solvent B over 60 min followed by 100% solvent B over 2 min~solvent B: 0.045% TFA, 80% acetonitrile in water!. Solvents were pumped at a constant flow rate of 50 mL0min. Spectra were obtained in the single quadrupole scan mode~LC0MS!. The quadrupole mass analyzer was scanned over a mass to charge ratio~m0z! range of 400-2,400 Da with a step size of 0.5 Da and a dwell time of 1.5 ms per step. The ion source voltage~ISV! was set at 5.5 kV and the orifice energy~OR! was 45 V.
Kinetic assays
The kinetic parameters k cat and K m for the recombinant proteins were determined by monitoring the release of fluoride from a-maltotriosyl fluoride~aG3F! using an Orion 96-09 combination fluoride ion electrode as described previously~McCarter et al., 1993!. The assays were performed at 30 8C in 20 mM sodium phosphate buffer, pH 6.9 containing 25 mM NaCl. Stock enzyme~5 mL of 50 nM wild-type enzyme, or 50 mL of 18 mM mutant enzyme! was added to glass cells containing various concentrations of a-maltotriosyl fluoride in a total assay volume of 300 mL. Controls were performed to compensate for the spontaneous hydrolysis of the substrates. The fluoride released after hydrolysis was detected using an Orion 96-09 combination fluoride ion electrode coupled to a Fischer Accumet 925 pH0ion meter. The ion meter was interfaced with a Pentium 133 MHz personal computer for data collection. Data were fit to the Michaelis-Menten equation using the nonlinear regression program GraFit 3.0~Erithacus Software, Staines, Middlesex, United Kingdom!.
Structural determination of Pichia-derived a-amylase
Crystals of Pichia-HPA were grown at room temperature using the hanging drop vapor diffusion method. The reservoir solution contained 60% 2-methylpentan-2,4 diol with 100 mM cacodylate at pH 7.5 and the hanging drops consisted of 5 mL of protein solutioñ 2 mg0mL! mixed with 5 mL of reservoir solution. Diffraction quality crystals appeared after 2 weeks. Diffraction data for Pichia-HPA were collected on a Rigaku R-AXIS IIC imaging plate area detector system using Cu K a radiation supplied by a Rigaku RU 300 rotating anode generator operating at 50 kV and 100 mA. The data collection statistics are shown in Table 2 . The data were processed with the HKL suite of programs~Otwinowski & Minor, 1997!. Since crystals of Pichia-HPA were not isomorphous to those of the native amylase, a molecular replacement approach was taken to the solution of this structure using the AMoRe package~Navaza, 1994! and the native amylase structure as a search model. Using data from 8 to 4 Å resolution, a single clear solution was obtained that gave a conventional crystallographic R-factor of 27.3%. Refinement of the structural model of Pichia-HPA was accomplished with X-PLOR Brünger, 1992! software wherein simulated annealing and conjugate gradient minimization protocols were alternated with manual 
